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ABSTRACT 
Probiotic bacteria have received great attention in recent years due to the benefits conferred 
by this group of microorganisms on human health, such as the improvement of nutrient 
bioavailability, inhibiting the opportunistic pathogens growth and increasing host immune 
activity. In this context, the combination of Lactobacillus plantarum potential and the advent 
of NGS platforms contributed to the increase of genomes belonging to the species in the past 
decade. The present study aimed to use a series of bioinformatics tools to perform the 
comparative analysis of 41 completed genomes of the species. Genes involved in 
probiogenomics of the species were identified in the core genome, such as adhesion, 
antagonism to pathogens and host microbiota alterations. It was also detected a structural 
variation at genomic level, due to the identification of gene clusters present in certain strains 
and absent in others, a fact that may be related to the heterogeneity of habitats that L. plantarum 
can be isolated. Therefore, this study was able to provide new insights regarding the gene 
content of this important group of lactic acid bacteria, through the direct comparison of several 
strains, which opens the way for future studies aiming to understand the mechanisms by which 
L. plantarum is capable of causing its beneficial effects on human health. 
 
Keywords: Lactobacillus plantarum, pan-genomics, phylogenomics, probiotics 
 
RESUMO 
As bactérias probióticas têm recebido grande atenção nos últimos anos devido aos benefícios 
conferidos por esse grupo de microrganismos à saúde humana, como a melhoria da 
biodisponibilidade de nutrientes, inibindo o crescimento de patógenos oportunistas e 
aumentando a atividade imune do hospedeiro. Nesse contexto, a combinação do potencial de 
Lactobacillus plantarum e o advento das plataformas NGS contribuíram para o aumento dos 
genomas pertencentes às espécies na última década. O presente estudo teve como objetivo 
utilizar uma série de ferramentas de bioinformática para realizar a análise comparativa de 41 
genomas completos da espécie. Os genes envolvidos na probiogenômica da espécie foram 
identificados no genoma central, como adesão, antagonismo a patógenos e alterações da 
microbiota do hospedeiro. Também foi detectada variação estrutural no nível genômico, 
devido à identificação de agrupamentos de genes presentes em determinadas linhagens e 
ausentes em outras, fato que pode estar relacionado à heterogeneidade de habitats que L. 
plantarum pode ser isolada. Portanto, este estudo foi capaz de fornecer novos insights sobre o 
conteúdo gênico desse importante grupo de bactérias do ácido lático, através da comparação 
direta de várias cepas, o que abre caminho para estudos futuros, com o objetivo de entender 
os mecanismos pelos quais L. plantarum é capaz de causar seus efeitos benéficos na saúde 
humana. 
 
Palavras-chave: Lactobacillus plantarum, pan-genoma, filogenômica, probióticos 
 
 
1 INTRODUCTION 
Bacteria have great importance for the food industry because they have a very diverse 
and rich enzymatic apparatus, which can be used in the meat, plants and milk fermentation [1-
3]. In addition, they are important in the production of antimicrobial compounds that prevent 
the proliferation and dominance of pathogenic bacteria [4]. Also, they can be used as 
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probiotics, in which when ingested in small quantities they are able to confer benefits to the 
consumer health by providing vitamins and aiding in the digestion process [5]. 
In this context, the genus Lactobacillus is one of the most well-known nowadays, 
because it has remarkable probiotic properties. Despite the phylogenetic diversity, all species 
share the same capacity to produce lactic acid at the end of the fermentation process. The 
analysis of the variable region of the rrs (16S rRNA) gene is its main method of identification 
[6]. Within this genus, the species Lactobacillus plantarum, which aggregates non-pathogenic 
strains, is highlighted, being considered by the Food and Drug Administration (FDA) as GRAS 
organisms (Generally recognized as safe). They are heterofermentative bacteria, and can be 
naturally found in several niches, such as dairy products, meats, vegetables and the 
gastrointestinal tract humans and animals [7,8]. 
L. plantarum is a Gram-positive, non-sporulating and heterofermentative lactic acid 
bacterial species (BAL), being able to use several carbohydrate sources as substrate. It has rod 
shape and is generally about 0.9 to 1.2 μm x 3 to 8 μm long, occurring singly, in pairs or in 
short chains [9]. Several genomes have been sequenced in recent years, and present an average 
of 3.3 Mb, being one of the largest among the known BALs [8,10,11]. 
A recent phenotypic characterization of 185 strains obtained from different sources has 
demonstrated the existence of an enormous abundance and richness of this species within a 
certain niche [12]. The versatility and adaptive behavior of L. plantarum is a direct reflection 
of its genome, which exhibits an enormous amount of coding genes involved in the sugar entry 
and metabolization, thus allowing the use of a wide variety of carbohydrates available in the 
medium [13]. In addition, research has shown that these bacteria reduce the side effects caused 
by antibiotics and have a protective effect on the intestinal tract against the harmful effects 
induced by Escherichia coli [14,15]. 
One of the main features of this species is its ability to produce compounds with 
antimicrobial properties, including hydrogen peroxide and some organic acids and 
bacteriocins [16,17]. These metabolites avoid the pathogenic microorganisms’ proliferation 
during the fermentation process. They also prevent the integration of harmful bacteria into the 
microbiota of the individual's intestines, therefore being important for the balance of 
ecological relationships in this environment [18]. 
One of the well-exploited attributes of probiotics is their ability to reduce fat absorption 
[19,20]. It is known that the composition of an individual's microbiota directly influences the 
deposition of this material by altering host metabolism [21,22]. L. plantarum strain K21, for 
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example, is able to inhibit the accumulation of lipids in preadipocytes, since an in vivo test 
demonstrated that this bacterium was able to delay the obesity of rats submitted to a diet high 
in fat [22]. 
Due to the advent of next-generation sequencing platforms (NGS) the number of genome 
designs in the three domains of life has increased exponentially in recent years, especially in 
the Bacteria domain. This large amount of data allowed the growth of bioinformatics, which 
provided the understanding of biological information previously unknown. Currently, several 
strains of the same phylogenetic clade can be compared at the genomic level, providing 
perspectives from the functional, metabolic and biochemical point of view of several bacteria 
of interest [23,24]. The pan-genomic approach, for example, consists of the comparative study 
of the repertoire of genes shared by all strains of a given population (core genome) and of 
those that are present only in some strains (accessory genome). The generated data are able to 
provide valuable information about the evolutionary and functional repertoire of a species 
[25]. 
Currently, there are more than 300 L. plantarum genomes deposited, thus enabling the 
evaluation of the complete genomic sequence present within the species. In this way, this work 
proposes to carry out a series of in silico analyzes in order to better understand the genomics 
of L. plantarum members, given the recognized probiotic potential of these bacteria. 
 
2 MATERIAL AND METHODS 
2.1 RETRIEVAL OF GENOME DATA 
In this study, 41 complete genomes of L. plantarum available from the NCBI database 
were used. The strains were isolated from several sources in 12 countries. For this, two 
different file formats were obtained for each genome: FASTA and GBK. Subsequently, the 
nucleotide sequences were submitted to the RAST web platform [26] to standardize the files 
in order to avoid performance errors in the subsequent analyzes. The information regarding 
each strain used is contained in Table 1. 
 
Table 1 - Genomic features of L. plantarum strains used in the study 
Strain Access NCBI Genes Isolation country Isolation source 
5--2 CP009236.1 3148 China Fermented Soybean 
10CH CP023728.1 3192 United Kingdom Cheese 
b-2 CP027349.1 3120 China Pickles 
B21 CP010528.1 3189 Vietnam Fermented sauce 
BDGP2 CP023174.1 3559 United States Feces 
BLS41 CP018209.1 3401 China Kimchi 
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CAUH2 CP015126.1 3188 China Pickles 
CGMCC 1.557 CP016270.1 3214 China Uninformed 
CLP0611 CP019722.1 3134 South Korea Kimchi 
DOMLa CP004406.1 3103 Uninformed Uninformed 
DSR_M2 CP022294.1 3151 South Korea Kimchi 
GB-LP1 CP020564.1 2930 South Korea Fermented Food 
HFC8 CP012650.1 3433 India Feces 
JBE245 CP014780.1 3177 South Korea Meju 
JBE490 CP020861.1 3126 South Korea Nuruk 
JDM1 CP001617.1 3084 China Uninformed 
K25 CP020093.1 3335 Tibet Kefir 
K259 CP025590.1 3287 South Korea Kimchi 
KC28 CP026743.1 3232 South Korea Kimchi 
KC3 CP025586.1 3268 South Korea Kimchi 
KLDS1.0391 CP019348.1 2918 China Jiaoke 
LM1004 CP025988.1 3122 South Korea Kimchi 
LP2 CP020816.1 3185 China Pickles 
LP3 CP017066.1 3232 South Korea Dietary Supplement 
LQ80 CP028977.1 3371 Japan Liquid Feed for Swine 
LY-78 CP015308.1 3023 China Sauerkraut 
LZ227 CP015857.1 3393 China Milk 
LZ95 CP012122.1 3232 China Feces 
MF1298 CP013149.1 3489 Norway Salami 
P-8 CP005942.2 2952 China Fermented Milk 
RI-113 CP017406.1 3423 Switzerland Salami 
SRCM100434 CP021528.1 3097 South Korea Uninformed 
SRCM102022 CP021501.1 3261 South Korea Uninformed 
ST-III CP002222.1 3194 China Kimchi 
TMW 1.1478 CP021932.1 3315 Germany Honey 
TS12 CP018324.1 3383 Malaysia Tofu 
WCFS1 AL935263.2 3174 United Kingdom Human Saliva 
X7021 CP025412.1 3336 China Uninformed 
Zhang-LL CP011769.1 2860 China Feces 
ZJ316 CP004082.1 3209 China Feces 
ZS2058 CP012343.1 3077 China Sauerkraut 
 
2.2 PAN-GENOME ANALYSIS 
The PanWeb platform was adopted for pan-genomic analysis [27]. PanWeb is an online 
interface based on the Pan Genome Analysis Pipeline - PGAP, a script in Perl language, 
developed by Zhao and collaborators (2012) [28]. For analysis of orthologous genes, we used 
alignment identity of 80%, coverage of 90% and e-value of 0.001. In addition, the pan-genome 
profile and orthologous distribution charts were constructed using the statistical package R 
[29], integrated into the program. 
 
 
 
Brazilian Journal of Development 
 
   Braz. J. of  Develop., Curitiba, v. 6, n. 3, p. 14050-14068   Mar.. 2020.    ISSN 2525-8761 
 
 
14055  
2.3 CONSTRUCTION OF THE PHYLOGENETIC TREE 
The rrs gene sequences from each of the 41 strains were used for the construction of 
the phylogenetic tree. For the multiple alignment the BioEdit package was used, through the 
program ClustalW [30]. The evolutionary history was inferred using the Maximum Parsimony 
method by the MEGA7 program [31], in which the species B. subtilis ATCC 13952 was used 
as an external group. 
 
2.4 PHYLOGENOMIC ANALYSIS 
The comparison between the complete genomes was performed by the Gegenees 
program [32], which performs multiple alignments among the strains through the blastn 
algorithm, where each data between the genomes is represented by a score, that generates a 
heatmap. For the reliability of the results in this analysis the accurate parameter was used, 
which includes the fragments size of 200 basepairs, size of the reading space of 100 base and 
30% of threshold. 
  
2.5 CONSTRUCTION OF THE GENOMIC MAP 
The comparison of the genomic architecture of the strains used was performed by 
BRIG software [33], with minimum and maximum threshold identities of 50% and 70%, 
respectively. 
 
2.6 FUNCTIONAL ANNOTATION OF THE GENOME OF L. PLANTARUM JDM1 
The main molecular functions, biological processes and cellular components of the 
orthologous genes had their respective roles investigated, using the Gene Ontology database 
by the GO FEAT program [34]. This platform has cross-references to the UniProt, InterPro, 
KEGG, Pfam, NCBI and SEED databases. L. plantarum strain JDM1 (CP001617.1) was used 
as reference genome, where the blastp algorithm was adopted with e-value 0.001 for the 
analysis performance. 
 
3 RESULTS AND DISCUSSION 
3.1 DISTRIBUTION OF ORTHOLOGOUS AND PAN-GENOME PROFILE 
The orthologous analysis of the 41 L. plantarum genomes here analyzed showed that 
in this configuration the non-redundant gene repertoire of the species consists of about 8975 
genes, of which 1580 constitute the core genome, 3900 are part of the accessory genome and 
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3495 are strain-specifics. The core genome is composed of genes that are shared by all the 
strains analyzed in the study. They are usually genes that encode products for basic aspects of 
the life, such as processes of replication, transcription, translation and maintenance of cellular 
homeostasis [35,36]. The accessory genome aggregates genes that are shared by some 
organisms, but not by all of them. In our analysis, the core genome of L. plantarum is 
composed of gene clusters present from two to 40 strains. Accessory genes possess varied 
functions, such as survival in specific environments, which are related to the life form of 
organisms [35]. 
In addition, the strains used in this work vary significantly in morphological and 
metabolic capacity terms, therefore, they can be used for different biotechnological purposes, 
being the most investigated their use in the food industry and in human health as probiotic 
[15,37]. For example, they are usually involved with the final fermentation stage because they 
are quite tolerant to acid environments [38,39]. 
The phenotypic variety of L. plantarum was observed by Siezen et al. (2010) in a study 
involving 185 isolates from different environment. They were characterized as to their 
fermentative behavior and growth. Isolates from the same group clustered together, except for 
the fecal samples, in which were distributed among the different groups, this allowed the 
researchers to infer that the origin of these strains is related to the food ingested by the 
individual. A deeper phenotypic analysis of 54 strains revealed that none of them was able to 
grow in milk at 4°C with high amount of nisin, due to the absence of genes that could confer 
survival in this medium. In contrast, the fermentation of certain sugars was restricted to only 
a few isolates, demonstrating the importance of advisory genes in natural selection [12]. In 
other study involving the genome comparison of the six strains it was possible to observe 
extremely conserved regions between them [40]. However, some variations were detected, 
especially in relation to the gene pools responsible for transposase and prophase coding. The 
prophages are derived from the interaction of bacteria with specific viruses, and their presence 
is more pronounced in pathogenic bacteria than those with free life [41]. 
The insertion of exogenous DNA may negatively interfere with the activity of an 
enzyme or it may be in charge of forming a new protein [42]. Transposases are enzymes 
responsible for the excision and transport of a DNA fragment known as a mobile transposable 
element to a given locus in the genome [43]. The genes encoding this enzyme are the most 
abundant in nature and are found in all living things. Like bacteriophages, transposases can 
override or activate a gene, which is why the gene involved in its synthesis is considered to be 
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selfish, one of its main characteristics being its propagation without concern for the integrity 
of the genome [44]. Another group of genes whose distribution was highly heterogeneous was 
involved with the synthesis of plantaricin, a bacteriocin composed of two peptides whose 
synergism promotes the inhibition of a huge variety of Gram-positive bacteria [45]. 
Bacteriocins differ from antibiotics because they have a higher specificity for their target and 
can act at nanoconcentration [46], and their biological role has been well investigated in L. 
plantarum [47]. 
Nwodo and colleagues also found the difference in the genes encoding proteins related 
to the synthesis of capsular or extracellular polysaccharides. Some parts of the gene cassette 
were common to the six isolates analyzed, while others were unique. This high variability 
reflects directly on the composition and formation process of the exopolysaccharides that exert 
important protective role [48]. The adhesion of some strains of L. plantarum in the intestine is 
mainly due to the action of this material. Its synthesis is important also in the biofilms 
formation that confer protection to the host against toxins and pathogenic bacteria [49]. 
 Through the analysis to determine if a pan-genome is opened or closed, we can infer 
the number of genes and genomes that are necessary to identify the gene repertoire of the 
species, and this difference is related to the lifestyle of the bacteria studied [35]. When it is 
open, the pan genome needs a large amount of additional genes to characterize it; in contrast, 
in a closed pan-genome, bacteria have a low capacity to hold exogenous genes in their 
chromosomes, which is related to the isolated niches of which they are part, such as the 
endosymbionte Buchnera aphidicola [50]. It is possible to infer whether the pan-genome is 
opened or closed through the Heap Law (n = k.N-α), where n is the expected number of genes 
from the pan-genome or core genome for a given number of N samples; k and α are values 
calculated according to the adjustment curve, which can be performed for the mean and 
median of each distribution. If the value of the element α ≤ 1 implies that the pan-genome is 
opened, but if α> 1 the pan-genome is closed [27,51]. In this study, the value of α for 41 strains 
of L. plantarum is 0.6704 for the mean and 0.6697 for the median, implying that the pan-
genome of the species is open (Figure 1). 
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Figure 1 - Pan-genome (blue) and core genome (red) profile of 41 L. plantarum strains. The plot shows the 
value of the Heap Law α coefficient when adjusting the curve for the mean (yellow line) and median (green 
line) of the different boxplots. 
 
3.2 PHYLOGENETIC RELATIONSHIP AND FRAGMENTED ALIGNMENT OF THE 
STRAINS 
Phylogenetic studies are important to describe the evolutionary history of species, 
being one of the best-known methods for the genetic differentiation of strains, especially 
through the analysis of the conserved and variable regions of the rrs gene, which encodes the 
16S subunit of bacterial rRNA [6]. For example, a phylogenetic tree of L. plantarum isolates 
showed that other members of the species were clustered and distinctly separated from other 
strains of the genus Lactobacillus. The strain ZLP001 presented more than 99% similarity with 
other strains of L. plantarum, making it difficult to distinguish by the sequence similarity of 
the 16S rRNA gene [52]. The dendrogram based on the 16S rRNA sequence shows that the 
41 strains analyzed in the present study also present a clonal-like behavior, presenting a high 
index of identity, based on the gene sequence. 
Rivas et al. (2006) studied the population phylogeny of 16 isolates of L. plantarum, 
where the decomposition analysis indicated that recombination plays a role in the creation of 
genetic heterogeneity of the species [53], which reaffirms the tendency of members of the 
species have to carry significant changes in their genetic material. Interestingly, the tendency 
of high similarity between the 16S gene is not a constant, since when the analysis of the 
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complete genomes through the Gegenees was expanded, a different behavior was observed 
(Figure 2). 
 
Figure 2: Analysis of the genomic composition of 41 strains of L. plantarum. To the left is shown the 
dendrogram, based on the sequences of the rrs genes, and to the right is shown the heatmap of the comparison 
of each pair of genomes based on the similarity of fragments, where the position of the strains in the vertical 
corresponds to the numbers in the horizontal. The color scale of the graphs reflects the percentage of identity, 
ranging from the smallest (red) to the largest (green). 
 
In relation to the genomic difference among the strains, comparative analyzes 
involving members of the subgroup Lactobacillus casei (L. casei, L. paracasei and L. 
rhamnosus) indicated a wide distribution of prophages in the analyzed bacteria. The impact of 
these phage-host interactions on the probiotic, phenotypic and stability properties of 
Lactobacillus strains indicate that the presence of bacteriophage can also contribute to the high 
frequency of recombination events with their hosts, leading to the genotypic diversity of both 
[54]. 
 
3.3 GENOMIC ARCHITECTURE OF L. PLANTARUM 
In Figure 3 it is possible to observe the presence of at least 12 regions that are present 
in some strains and absent in others. These findings corroborate our results, since in the 
analysis of homologues about 82.3% of the repertoire of analyzed genes do not present 
homologues in the 41 studied strains. Horizontal transference of genes is a phenomenon that 
is well studied in bacteria, and the fact that L. plantarum is considered a free-living 
Brazilian Journal of Development 
 
   Braz. J. of  Develop., Curitiba, v. 6, n. 3, p. 14050-14068   Mar.. 2020.    ISSN 2525-8761 
 
 
14060  
microorganism facilitates the exchange of genetic material frequently, due to the diversity of 
environments and sources of isolation in which strains used in our analyzes are based [5]. 
 
Figure 3 - Genomic map of L. plantarum strains used in the study. The colored rings represent the 41 complete 
genomes used. In the center, the black lines represent the GC content, the purple and green lines represent the 
GC skew. 
 
3.4 PREDICTION OF FUNCTIONAL CATEGORIES 
Genes involved with carbohydrate metabolism were the majorities in this analysis. It 
is known that L. plantarum has an excellent adaptive capacity. The first genome of the species 
to be sequenced was from the WCFS1 strain and revealed the presence of one of the largest 
chromosomes detected at the level of genus and three plasmids. A great amount of genes 
coding for proteins linked to the capture, transport and utilization of sugars was found. Thus, 
the high survival capacity of this microorganism was justified in the most varied environments 
[56, 57]. 
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3.5 PROBIOGENOMICS OF L. PLANTARUM 
The functional annotation also provided clues about the genes involved with the 
probiotic potential of the species, some of which are already well known in the literature. 
Despite this, the molecular mechanisms of how these bacteria positively impact host health 
have not yet been fully elucidated. For this reason, these microorganisms represent a growing 
area of research that involves concepts of microbiology, genomics, molecular biology and 
genetics, known as probiogenomics [58]. The integration of probiogenomic and functional 
information with data on the expression of the host gene in the human intestine broadens the 
understanding of the roles of intestinal microbiota interactions, between microorganisms and 
between hosts and microorganisms. This integration of approaches provides the simultaneous 
analysis of a large volume of genes and proteins [59]. 
Among the genes related to probiotic potential, some with bacteriocin activity in the 
L. plantarum were predicted, three of which are also present in the coregenome (UniProt IDs 
A0A0G9GSP3, A0A199QDK6 and A0A199QE21). Bacteriocins are peptides produced by 
bacteria that act against other microorganisms whose producer has mechanisms of immunity, 
being able to inhibit the growth of undesirable organisms, and can aid in probiotic functionality 
through three mechanisms: i) helping the survival of production line in the intestinal 
environment; ii) inhibition of pathogen growth and iii) acting as quorum signaling peptides in 
the intestinal environment [60]. 
The ability of adhesion to epithelial tissue of the host's gastrointestinal tract and 
colonization is also another desired characteristic in probiotic bacteria. The adhesion of 
lactobacilli to intestinal cells has shown that the factors involved in the interaction vary 
between different species and strains, as well as the interaction between bacterial adhesins and 
the extracellular matrix or mucus proteins. The protein enolase-1 predicted in this study 
(UniProt ID Q88YH3) has been reported as the factor that adheres to fibronectin, a 
glycoprotein that binds to cells, collagen and glycosaminoglycans, helping to mediate and 
maintain cell migration and adhesion intestine [61]. 
The mechanism that BALs possess to hydrolyze bile salts has often been included as 
one of the criteria for the selection of probiotic strains, and several Bile Salt Hydrolase (BSH) 
hydrolases have been identified and characterized 62, including one present in all strains used 
in the comparative analyzes of this study (UniProt ID Q88SP0). 
These enzymes are capable of altering the composition of the intestinal microbiota and 
metabolism, detoxifying the bile, in addition to lowering cholesterol levels. Bile acids play a 
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key role in the formation of intestinal microbiota and host physiology, regulating metabolic 
signaling, weight gain, as well as serum cholesterol levels and liver triglycerides [63]. In this 
way, species that contain BSH can act in a positive way in the reduction of circulating 
cholesterol levels, since with the desconjugation of the bile salts in the intestine, the presence 
of these salts decreases, inducing the production of bile from the cholesterol. Moreover, from 
an evolutionary point of view, these bacteria are mainly associated with nests adapted to 
vertebrates, demonstrating selective pressure on BALs to evolve and adapt to specific 
environments [62,64]. 
 
4 CONCLUSION 
The technological advances provided by large-scale genome sequencing have enabled 
the scientific community to gain a greater understanding of genetic, metabolic, biochemical 
and adaptive mechanisms in all three domains of life. The DNA sequences of bacteria of 
medical, industrial and environmental interest are available in databases, which facilitated the 
execution of research that compare the genetic content of these microorganisms. 
Through this study, it was possible to compare, through a robust in silico strategies 
methodology, the complete genomes of 41 strains of L. plantarum, an important member of 
the BALs group. The pan-genome of the bacterium consists of more than 8000 genes, where 
some of which have orthologs in all isolates are notorious for their probiotic activities, such as 
adhesion, antagonism to pathogens and alteration of the host microbiota. It was also detected 
a structural variation at genomic level, due to the identification of gene clusters present in 
certain strains and absent in others, a fact that may be related to the heterogeneity of habitats 
from which L. plantarum can be isolated. 
Therefore, this study was able to provide new insights regarding the gene content of 
this important microorganism through the direct comparison of several strains, which opens 
the way for future studies aiming to understand the mechanisms by which L. plantarum is 
capable of causing its beneficial effects on human health. 
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